There is a pressing need to develop new antimicrobial drugs because of the increasing resistance of pathogenic bacteria to existing antibiotics. The preliminary development and validation of a novel methodology for the high-throughput screening of antimicrobial compounds and inhibitors of bacterial motility is described. This method uses a bacterial motility swarming agar assay, combined with the use of offset inoculation of the wells in a standard, clear, 96-well plate, to enable rapid screening of compounds for potential antibiotic and antimotility properties with a standard absorbance microplate reader. Thus, the methodology should be compatible with 96-well laboratory automation technology used in drug discovery and chemical biology studies. To validate the screening method, the Genesis Plus structurally diverse library of 960 biologically active compounds was screened against a motile strain of the gram-negative bacterial pathogen Salmonella typhimurium. The average Z′ value for the positive and negative motility controls on all 12 compound plates was 0.67 ± 0.14, and the signal-to-baseline ratio calculated from the positive and negative controls was 5.9 ± 1.1. A collection of 70 compounds with well-known antimicrobial properties was successfully identified using this assay. (Journal of Biomolecular Screening 2007:849-854) 
INTRODUCTION
A NTIBIOTIC RESISTANCE IN BACTERIA is currently a growing, major public health problem; bacteria may soon evolve resistance to all known antibiotics. [1] [2] [3] Commercial research in this area has waned over the past several decades; consequently, few new classes of antibiotics have recently been developed. 1, 3, 4 Bacterial signal transduction components, efflux pumps, and genes involved in motility and biofilm formation represent some of the possible targets for antibiotic drug discovery research. 5, 6 Bacterial motility frequently involves the chemotaxis-controlled rotation of extracellular protein fibers called flagella, 7, 8 which are also involved in evasion of host immunity, 9 host colonization, and biofilm formation. 10 Thus, the bacterial flagellar system represents a possible target for antimicrobial drugs. Motility inhibitors could potentially be used with other antimicrobial compounds to prevent the spread of infectious pathogens in the environment or the host organism. A high-throughput screening (HTS) assay for detecting the inhibition of flagellar motility or other types of bacterial motility (e.g., pili-mediated motility) could be used for screening compounds for antimicrobial activity in bacterial strains that are known to be motile. This type of assay could also have applications in fundamental structure-function studies of genes and proteins involved in motility (i.e., in screening of mutations and compounds that inhibit or promote motility). Here, we report a simple screening method for the identification of small molecules that inhibit either bacterial growth or bacterial motility using standard 96-well microplates.
MATERIALS AND METHODS
Two basic techniques were combined to enable rapid screening for motility inhibitors: a bacterial swarming agar motility assay and the use of 96-well microplates common to HTS assay methods. Two Salmonella typhimurium bacterial strains were used in all motility screening experiments: S. typhimurium strain SJW1103, 11 which is wild-type for flagellar motility, and nonmotile S. typhimurium strain SJW134, 12 which has both of the fliC and fljB flagellin genes deleted and thus cannot produce flagella fibers. For each experiment, liquid bacterial flask cultures (50 ml) of motile SJW1103 and nonmotile SJW134 S. typhimurium strains were grown to saturation by overnight culture in Luria-Bertani media at 30 °C, with shaking at 150 rpm. The liquid cultures of motile and nonmotile S. typhimurium control strains were then transferred into sterile 25-ml disposable reservoirs, and 200 µl of each liquid culture was pipetted into sample or control wells of a sterile 96-well tissue culture plate Biological Sciences, Western Michigan University, Kalamazoo. with a Matrix Impact 2® P1250 programmable 8-channel pipettor (Matrix Technologies Corp., Hudson, NH) for use as the source plate for inoculation of agar motility screening plates.
The 96-well motility agar screening plates were prepared in the following manner. A volume of 200 µ1 of freshly prepared motility agar, composed of 1% tryptone (EM Science, Gibbstown, NJ), 0.5% NaCl (Sigma-Aldrich, St. Louis, MO), and 0.3% agar (Calbiochem, La Jolla, CA), was pipetted into each well of a sterile 96-well U-bottom plate (Linbro; Flow Laboratories, McLean, VA) using a Matrix Impact 2® P1250 programmable 8-channel pipettor and allowed to solidify at 4 °C overnight. This low-agar medium remains in a liquid state until the temperature is lowered to approximately 35 °C; hence, it can be effectively mixed with thermolabile screening compounds. Larger numbers of 96-well motility agar plates could be prepared by using a heated chamber (e.g., a 96-well heat block attachment or a heated stir plate) for maintaining the agar in a liquid state at 40 °C to 50 °C, combined with a programmable robotic liquid dispensing system or a multichannel peristaltic pump dispenser (e.g., an 8-channel Multidrop instrument) to dispense the agar into 96-well plates.
The Genesis Plus (GenPlus) library of 960 biologically active, structurally diverse compounds was obtained from MicroSource Discovery Systems (Gaylordsville, CT). A modification of the above method was used to prepare 96-well motility agar plates containing the GenPlus library of 960 compounds, prior to screening for inhibitors of bacterial growth and motility. A 3-µl volume of each 2-mM stock compound dissolved in 100% DMSO was pipetted into each well of a 96-well tissue culture plate with a CCS Packard PlateTrak robotic pipetting station (PerkinElmer, Shelton, CT), followed by addition of 197 µl of liquefied motility agar media with a Matrix Impact 2® P1250 programmable 8-channel pipettor. This yielded a final screening compound concentration of 30 µM, within the typical range used for screening assays. 13 The compound and media were then mixed by pipetting up and down 5 to 6 times to ensure even distribution of the compound within the well, and it was allowed to solidify overnight.
For the preliminary assays on the feasibility of motility detection, a plastic, sterile, disposable 96-pin tool (V&P Scientific, Inc., San Diego, CA) was first manually dipped into the liquid bacterial culture, removed, and then carefully lowered by hand into the agar media to inoculate it. The pin tool was manually positioned above the 96-well motility agar microplates in a manner that resulted in inoculation at the approximate center of each well, a method termed center inoculation. The inoculated agar plates were then incubated for 12 to 15 h at 30 °C in a humidified incubator and assayed for bacterial growth, both visually and by absorbance measurements at a 550-nm wavelength (OD 550 ) with a SpectraMax Plus 384 microplate spectrophotometer (Molecular Devices Corp., Sunnyvale, CA).
The final, quantitative screen of the GenPlus compound library was performed by using a novel offset-inoculation method with the PlateTrak instrument to precisely position the plate under a set of 96 pipette tips for inoculation with the bacterial cultures. The PlateTrak was equipped with a P250 (250 µl × 96-tip capacity) pipetting head with horizontal x-and y-axis plate offset capability for dispensing liquid samples into 384-well plates, via 4 quadrants × 96 wells at a time. The sterile pipette tips were first lowered into the 96-well source plate containing the overnight liquid cultures and then raised, with only a small volume of liquid (i.e., ∼0.5 µl), adhering to the surface of each tip by capillary forces. Each 96-well plate containing sterile motility agar was then placed under the pipetting station and laterally offset to allow the 96 pipette tips to access the upper right quadrant of each well, corresponding to one-fourth of the wells in a 384-well plate. The 96 pipette tips were then briefly lowered approximately halfway into the agar in each well (∼5-mm depth) of the motility agar plate to inoculate the media and then removed. Although pipette tips were used for inoculation in this study, a pin tool would function equally well if available as an attachment on a robotic dispensing instrument. Each motility agar plate was inoculated with the motile SJW1103 S. typhimurium strain in the 80 screening compound wells; control wells lacking any screening compounds were inoculated with the nonmotile SJW134 and motile SJW1103 strains as positive and negative controls. The plates were then incubated for 12 to 15 h at 30 °C in a humidified incubator. All absorbance measurements of inoculated 96-well plates were performed at a 550-nm wavelength (OD 550 ) with a SpectraMax Plus 384 spectrophotometer.
RESULTS AND DISCUSSION
Initial feasibility studies of motility screening in 96-well plates were performed with motile and nonmotile strains of S. typhimurium, a gram-negative bacterial species used as a model system for flagellar motility studies. 14 The center-inoculated cultures of the motile S. typhimurium SJW1103 strain were observed to spread throughout the motility agar media after overnight incubation. In contrast, the inoculated cultures of the nonmotile S. typhimurium SJW134 grew only in the immediate vicinity of the inoculation zone, surrounded by clear zones of media. These preliminary results indicated that the centerinoculation method could be used to screen compound libraries for inhibitors of bacterial growth and/or motility, as the differences in the motile versus nonmotile cells were readily apparent to the human eye. However, despite the clear differences in growth patterns, no significant differences were observed in the absorbance values (OD 550 ) of the center-inoculated unknowns and motile and nonmotile controls, when measured with a microplate spectrophotometer ( Fig. 1) . This lack of discrimination resulted from the growth of both nonmotile and motile cells to high densities in the inoculated center region of each well, combined with a narrow detection area of ∼1-mm diameter in each well of the plate reader. Thus, this center-inoculation method was not adaptable to simple HTS approaches for identifying inhibitors of motility with the absorbance plate reader used in this study, although it could still be useful for identifying inhibitors of bacterial growth.
A variation on the inoculation method, termed offset inoculation, was developed to allow the use of an HTS-compatible plate reader for detection of inhibitors of antimicrobial growth and motility. In this technique, a PlateTrak robotic pipetting workstation was used to simultaneously inoculate 1 quadrant of each well of a 96-well motility agar microplate at an off-center location, instead of the center of each well. Although 96 sterile plastic pipette tips were used with this particular workstation to inoculate the motility agar plates, a 96-pin tool attachment would be equally effective for this purpose. Using this method, control wells inoculated with motile and nonmotile cells were readily distinguished, both by visual inspection and with a plate reader in the 96-well detection mode, after 10 h of postincubation growth (Fig. 2) , with 100% repeatability (Fig. 1) . As observed previously, the wild-type cultures spread in all directions of the motility media in the wells, whereas nonmotile cultures grew only in the immediate vicinity of the inoculation zone (Fig. 2) . This resulted in clear, sterile media in the center of each well for nonmotile cells, where absorbance is typically measured by a 96-well plate reader. This offset-inoculation method was used to measure growth curves via OD 550 measurements with a microplate spectrophotometer and was able to consistently detect a significant difference between the growth of motile and nonmotile S. typhimurium strains (Fig. 3) .
The offset-inoculation method was used to perform a screen of the 960-compound GenPlus library for compounds that inhibited motility or microbial growth as a quantitative demonstration of this approach. The absorbance of each well (OD 550 ) was measured with the microplate spectrophotometer after 12 h of postinoculation growth. The assay was able to consistently detect a wide range of antibiotic activity in the GenPlus model compound library. A total of 70 hit compounds with antimicrobial growth properties were identified in this assay, as determined by a cutoff of 50% inhibition of motility, as shown in a scatterplot ( Fig. 4) and listed in Table 1 . All the hit compounds possessed known or suspected antimicrobial activity (e.g., amoxicillin, ciprofloxacin, and rifampin). Furthermore, 3 distinct types of bacterial growth behavior were observed in the motility agar wells: complete spreading of the cells throughout the well, a total absence of growth in the well, and marginal growth at the region of inoculation without significant spreading of the cells (Fig. 5) . The 3rd type of limited growth and 
FIG. 3.
Growth curves for motile and nonmotile S. typhimurium bacterial cells inoculated in a 96-well-plate-formatted motility agar. S. typhimurium cells, either wild-type for motility (strain SJW1103) or nonmotile (strain SJW134), were inoculated in the upper-right quadrant of each well, as shown in Figure 2 . The time-dependent absorbance readings (OD 550 ) from 2 identical 96-well plates containing 6 columns (48 wells) for each bacterial strain were averaged to generate each data point; the error bars represent the computed standard deviation of each set of measurements. The difference in a nonmotile strain versus a motile strain and the rate of growth of the motile strain can be readily determined with this assay method. swarming behavior was observed for the compound hexachlorophene, a chlorinated bisphenol compound with known bacteriostatic action against gram-positive organisms 15 but that is less effective against gram-negative organisms. 16 Although no previously unknown antibiotic compounds were identified among the hits, the results obtained indicate that the offsetinoculation method can be used to screen compounds for bactericidal, bacteriostatic, and motility-inhibition activity. However, it should be noted that this preliminary screening method, as implemented with a plate reader, is not capable of distinguishing among these modes of inhibition; more detailed follow-up studies will be required to further characterize the mode of action of each inhibitor compound.
The statistical assay quality of the results was determined by calculating the Z′ factor, 17 given in equation 1:
where σ c+ is the standard deviation of the positive control for the assay, σ c-is the standard deviation for the negative control, and (µ c+ -µ c-) defines the mean values for the positive and negative controls. The average Z′ value for all 12 compound plates was 0.67 ± 0.14, an acceptable value for HTS-format assays (Fig. 6) . 13 Furthermore, the signal-to-baseline ratio calculated from the positive and negative controls was 5.94 ± 1.11, also indicative of a robust screening assay. Both the types of controls (motile and nonmotile bacterial strains) and the location of inoculation contributed to the quality of the assay. An antibiotic compound such as ampicillin or kanamycin could be used as an alternative positive control instead of the nonmotile strain for assays in which antimicrobial growth inhibitors is the only objective. An important caveat in using this screening method is that it may require motile flagellated bacteria or cells with other types of motility (e.g., gliding motility 18 also be noted that other microplate-compatible methods have previously been developed for screening for antimicrobial compounds. [19] [20] [21] However, this method may be advantageous for some applications. First, it does not require transformation or genetic engineering of bacterial cells with foreign reporter genes (e.g., green fluorescent protein, luciferase, or β-galactosidase). Furthermore, relatively small volumes of bacterial culture are required to inoculate agar motility media, about 1 µl per well, versus ∼100 µl required for some of the previously described liquid media assays. The agar media growth procedure may also be less prone to spills and aerosol formation, a potential advantage when handling pathogenic bacteria that may represent a biohazard. Although the screening assay used 96-well plates, the inoculation and detection methods required precision liquid-handling equipment that is compatible with 384-well HTS technology. The adaptation of this assay for higher throughput 384-well plates for either type of center-or offset-inoculation screening remains to be demonstrated and may not be feasible with less sophisticated detection equipment. It should be noted that the plate reader used in this investigation for measuring the absorbance of the 96-well plates has a relatively narrow light beam with a diameter of 0.5 to 1.2 mm for detection in each well, to provide compatibility with 384-well plates. Other plate readers may have a wider light beam and detection area, about 3 to 5 mm in diameter, and may therefore be more suitable for screening by center inoculation; the absorbance reading would be averaged over a larger area surrounding the inoculation zone in each well. An alternative approach could involve using a suitable microplate spectrophotometer to read the absorbance of each of the 4 quadrants of a 96well plate in 384-well detection mode, with subsequent statistical analysis of the 4 quadrants in each well to monitor changes in absorbance resulting from bacterial growth and spreading. Furthermore, a high-content microplate imaging system might be adapted to detect hits in either 96-well or 384-well plates, using either the center-inoculation or offset-inoculation assay format. However, this approach may require expensive CCD camera equipment and analysis software that may not be available in many smaller academic and commercial laboratories.
